INTRODUCTION
In nature bacteria predominantly grow as adherent microcolonies enveloped within extensive polysaecharide matrices [2, 3] . Such biofilms occur on virtually any surface in any environmcm in
Correspondence to: P, Gilbert, Department of Pharmacy. University of Manchester, Oxford Road, Manchester MI3 9PL. U.K.
which bacteria are present. These include natural [4] and industrial [5] ecosystems and infections [3, [6] [7] [8] . From an ecological standpoint, growth as a biofilm offers survival advantages in bacterial pathogenicity [3, 9] . Bacterial biofilms have thus been found to be recalcitrant towards phagocytic ingestion [3] and aggressive antibiotic treatment [10] . Additionally, cells must be able to detach from existing adherent populations in order to colonise row surfaces. Associated with this spread of infection is the need to survive within the host.
The structure and composition of the Gramnegative cell envelope changes markedly in response to changes in its surrounding environment [9, 11, 12] . Whilst phenotypic variation associated with growth rate and nutrient deprivation arc well documented, the influence of growth within adhesive biofilms is less well understood. Whilst the accessibility of essential nutrients is promoted in the presence of a sub-stratum [13] growth rates in biofilms are generally thought to be slow [14] . Recently techniqueS have become available [1] which facilitate growth-rate control in adherent bacterial populations. Such techniques enable the study of cell surface property, associated with adhesion and organisation of the cells into biofilms.
In the present study, hydrophobic interaction chromatography (HIC) has been utilised to evaluate changes in surface hydrophobicity with growth rate of calls either organised into a biofilm or grown planktonically in a cbemostat. Such hydrophobieity measurements are a non-specific method of assessing general changes in cell surface property [15] resulting from compositional and/or structural changes in several surface camponents.
MATERIALS Abed ~,IE'I-riODS

I. Bacteria and chemicals
Pseudomonas aeruginosa strain PaWH, a clinical, mucoid-isolate taken from the sputum of a cystic fibrosis patient, was used. Cultures were maintained on nutrient agar slopes at 4°C in the dark following overnight incubation at 370C. All chemicals and reagents used were of the purest available grade and obtained either from Sigma or BDH. Batch cultures of P. aeruginosa were grown in a chemically defined, simple-salts liquid medium [16] which limited the extent of growth through availability of iron (CDM-Fe). Volumes (100 nil) of such cultures, held within 250 ml Erieaimeyer flasks, were incubated in an orbital shaker (100 osc./min) at 37°C.
Continuous culture and growth of biofilms
Continuous cultures were established in 50 ml glass fermenters [17] according to the methods described by Gilbert and Brown [18] using CDMFe medium [16] .
The methods of Gilbert et al. [14] were evaluated for growth-rate control of adherent populations of mucoid strains of P. aeruginasa, Biofilms were initiated from iron-limited, mid-log phase batch cultures of P. aeruginosa, by pressure filtration, onto one side of a cellulose acetate membrane support (0.2 .am pore size). The membranes were inverted into the bases of modified fermenters and perfused with fresh sterile medium. Numbers of cells eluted from the membrane were estimated, with time, by performing viable counts. After 100 rain the rate of less of ceils from the membranes had decreased to achieve a steady state which was maintained for several days during which time a biofilm developed on the underside of the membrane. At various times after achieving steady state, membranes were removed, the adherent cells resuspended in normal saline and viable counts performed. This demonstrated that, at steady state, the size of the adherent population had remained relatively constant (5 x l0 s cells). At each steady state (20-40 h) accurate estimates of growth rate were obtained by performing viable counts upon the eluates and resuspended biofilms. Since steady-state has been demonstrated in both these populations then growth rate could be calculated from a knowledge of the ehition rate. As observed previously for Escherichia coil [1] , the rate of perfusion with fresh medium regulated the growth rate of the adherent population at steady state.
Cells ehited from the biofilm together with partially spent medium were at an early stage of the division cycle and correspond to newly formed dahghter cells. This was demonstrated by incubation of sample elute (2 min collection) in fresh medium. Frequent viable counts (every 15 rain) demonstrated the cells to grow with a high level of division synchrony.
Cell surface hydrophobicity measurement
Surface hydrophobicity was determined by H1C as described by Smyth et al. [19] using octyl Sepharose 4]3 as the non-polar ligand and sepharose to correct for non-specific adsorption. Cell suspensions were washed twice in 4 M NaCl and resuspended to give 104 cens/ml before application to the columns. Retention of cells by the columns was assessed by serial dilution in normal saline and viable counts utifising triplicate prodried nutrient agar plates.
RESULTS AND DISCUSSION
Estimates of surface hydrophobieity were made, at a variety of specific growth rates, upon cells resuspcndcd from steady-state biofilms, collected from the biofilm as eluates and grown planktonieally in the chemostat. Eluates contained a high proportion of newly divided daughter cells (ca, 5 x l0 s cells/ml). Resuspended biofilm popula-
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Specific grewth rate (h "1) tions were obtained by vortexing the ceUuloseacetate support-membranes to remove and disperse adherent cells. Results are illustrated in Fig.  1 . For all three cell types hydrophobicity increased with increasing growth rate. The degree of hydrophobieity dependence upon growth rate was greater for the planktonic cells than for resuspended biofilm cells or the daughter populations. At specific growth rates of less than 0.2 h-1 then the surface hydrophobicities of planktonic and biofilm-derived cells were equivalent to one another. In contrast, only slight growth-rate dependency of hydrophobicity was apparent for the newly-formed daughter cells, which were in all cases more hydrophilic than the corresponding donor culture. The profound influence of growth rate upon bacterial surface hydrophobicity has been previously described [20] [21] [22] , where for Staphylococcus, Pseud,~monas, Alkaligenes and Arthrobacter species, hydrophobicity increased with growth salc. In those studies however, hydrophobieity was determined either by the BATH technique [23] or by contact angle measurements [20] . In the present study, results for planktonic populations reflect that observed in batch cultures of Pseudomonas and Staphylococcus spp. where hydrophobicity increases during the rapid growth and division of the logarithmic phase and decreases as cells enter stationary phase [20] . Recently, Allison et al. [24] demonstrated that the surface hydrophobicity of E. coli decreased with growth rate for both planktonic cells and those resuspended from biofllm cultures. At any specific growth rate the hydrophobicities of lhese two. eul tore types were equivalent. This conflicting trend of hydrophobicity with growth rate and the differences at fast growth rates (> 0.2 h -l) between planktonic and sessile populations of P. aerugmosa indicate, not only that some envelope properties attributed to the biofilm mode of growth are growth rate related, but also that the effect of such changes upon surface hydrophobicity varies between species.
A common feature of this study and that with E. colt was that little or nJ change in hydrophobicity was observed for the newly formed daughter cells with changes in the growth rate of the donor eu'mre. In spite of the opposite trends of hydrophobicity and growth rate for suspended biofilm cells and chemostat-grown ones, daughter cells were, in both cases, strongly hydrophilic. The relative hydrophilicity of E. colt dang~ 'er cells was maintained for some time after eln,,on, but after incubation at 37°C for 1-2 h increased to approach that of late logarithmic phase batch cultures. These results indicate that changes in surface hydrophobicity may be associated with the division cycle, and that surface hydrophobicity at and immediately after division for both P. aeruginosa and E. colt, is low. This might cause such cells to be dislodged from the biofilm. Upon ageing, such dislodged cells would provide an inoculum capable of colonization of new surfaces. Reynolds et al. [25] have demonstrated, in model soil systems, that the rate of penetration through and colonisation of sand-packed cores was in direct proportion to specific growth rate even for non-motile strains. These data therefore support the iaypothesis of Allison et al. [24] , that dispersal of cells from adhesive biofilms and recolonization of new surfaces reflects cell cycle mediated events.
